Cytotoxic T cells secrete perforin to kill virus-infected cells. In this study we show that perforin also plays a role in immune regulation. Perforin-deficient (perf ؊/؊) mice chronically infected with lymphocytic choriomeningitis virus (LCMV) contained greater numbers of antiviral T cells compared to persistently infected ؉/؉ mice. The enhanced expansion was seen in both CD4 and CD8 T cells, but the most striking difference was in the numbers of LCMV-specific CD8 T cells present in infected perf ؊/؊ mice. Persistent LCMV infection of ؉/؉ mice results in both deletion and anergy of antigen-specific CD8 T cells, and our results show that this peripheral "exhaustion" of activated CD8 T cells occurred less efficiently in perf ؊/؊ mice. This excessive accumulation of activated CD8 T cells resulted in immune-mediated damage in persistently infected perf ؊/؊ mice; ϳ50% of these mice died within 2 to 4 weeks, and mortality was fully reversed by in vivo depletion of CD8 T cells. This finding highlights an interesting dichotomy between the role of perforin in viral clearance and immunopathology; perforin-deficient CD8 T cells were unable to clear the LCMV infection but were capable of causing immune-mediated damage. Finally, this study shows that perforin also plays a role in regulating T-cell-mediated autoimmunity. Mice that were deficient in both perforin and Fas exhibited a striking acceleration of the spontaneous lymphoproliferative disease seen in Fas-deficient (lpr) mice. Taken together, these results show that the perforin-mediated pathway is involved in downregulating T-cell responses during chronic viral infection and autoimmunity and that perforin and Fas act independently as negative regulators of activated T cells.
Cytotoxic T lymphocytes (CTL) can kill their targets by two distinct mechanisms: (i) a secretory and membranolytic pathway involving perforin and granzymes and (ii) a nonsecretory receptor-mediated pathway involving Fas (CD95) (6, 9, 21) . Perforin, a 65-kDa protein with sequence homology to complement components C6 to C9, is stored in cytoplasmic granules of CTL and plays a major role in the secretory pathway. Upon binding of CTL to the target cell and appropriate engagement of the T-cell receptor (TcR), the cytoplasmic granules containing perforin and granzymes (serine proteases) are released vectorially onto the target cell. Perforin monomers assemble into polymeric pore structures that insert into target cell plasma membranes, making the membrane permeable to water and small ions. This "hole punching," along with the effects of granzymes, eventually leads to apoptotic death of the target cell (6, 19, 21, 26, 47) . Studies with perforin-deficient (perf Ϫ/Ϫ) mice have shown that perforin-mediated cytotoxicity is essential for controlling lymphocytic choriomeningitis virus (LCMV) infection in vivo (21, 57) . The importance of perforin has also been shown in Listeria monocytogenes infection (20) and in eliminating certain tumors (22) . These studies have clearly established that, at least in certain systems, perforin-mediated cytotoxicity is the dominant killing pathway in vivo.
Similar to the granule exocytosis (perforin) pathway, the Fas-dependent pathway is also initiated by engagement of the TcR by the appropriate antigen (25, 29, 48) . This interaction results in upregulation of Fas ligand (FasL) expression on the T cell. Binding and cross-linking of FasL with Fas molecules expressed on the target cells leads to apoptosis of Fas-positive cells. A death-inducing cytoplasmic domain of the Fas protein triggers an intracellular apoptotic program in the target cells involving interleukin-1␤-converting enzyme and/or other related proteases (18, 28) . Alternative mechanisms of killing, such as cytotoxicity mediated by tumor necrosis factor (TNF) and secreted ATP, have also been postulated, but there is now a general consensus that perforin-and Fas-mediated pathways are the two major killing mechanisms used by CTL (13, 16, 18, 26, 27, 53) .
In addition to its proposed role as an effector mechanism, Fas-mediated killing plays an important role in immune regulation (29, 30, 37, 48) . Activated T cells express increased levels of Fas, and Fas-mediated apoptosis of effector T cells serves as a mechanism for regulating cell numbers and maintaining homeostasis (25, 29, 37) . Thus, it appears that the Fas-mediated pathway has a dual function: both as a potential effector mechanism and as a negative regulator. A role for TNF in regulating T-cell responses, especially of CD8 T cells, has also been demonstrated (61) . In contrast, perforin is considered primarily as an effector mechanism (22, 27) . In this study, we provide evidence that perforin-mediated killing is involved in the downregulation of T-cell responses in vivo in a viral infection.
MATERIALS AND METHODS
Mice. Perf Ϫ/Ϫ mice were made by targeted disruption of the perforin gene (57) . Wild-type mice (ϩ/ϩ, strain 129) and C57BL/6J/lpr/lpr mice (B6.MRLFas lpr ) were purchased from The Jackson Laboratory (Bar Harbor, Maine). Cross (F 1 ) and intercross (F 2 ) matings were performed between B6.MRL-Fas lpr and perf Ϫ/Ϫ mice to generate perf Ϫ/Ϫ mice homozygous for the lpr mutation (lpr/perf Ϫ/Ϫ). Mice were kept under specific-pathogen-free (SPF) conditions in isolater cages with filter covers.
Virus infection. The Armstrong CA 1371 strain of LCMV and a spleen cell variant derived from this virus, clone 13 (3), were used in this study. All LCMV stocks used in this study were triple plaque purified on Vero cells, and stocks were grown in BHK-21 cells. Mice were infected with either 2 ϫ 10 5 PFU of Armstrong strain intraperitoneally (i.p.) or 2 ϫ 10 6 PFU of clone 13 intravenously (i.v.).
Virus titration. Infectious LCMV in serum and tissues was quantitated by plaque assay on Vero cell monolayers as previously described (3) .
Antisera and T-cell depletion. The monoclonal antibody (MAb) 2.43 (rat immunoglobulin G2a [IgG2a]) was partially purified from hybridoma culture supernatant by ammonium sulfate precipitation and used for depleting CD8 ϩ T cells in vivo (46) . Mice were given three injections of MAb 2.43 (0.3 ml i.p.) on day 0 and days 2 and 4 after the virus infection. This protocol resulted in a Ն90% decrease in the number of CD8 ϩ T cells. Flow cytometry and cell cycle analysis. Single-cell suspensions of spleen, lymph node, or bone marrow were prepared, and 10 6 cells were stained in phosphatebuffered saline (PBS) containing 1% bovine serum albumin and 0.02% sodium azide for 30 min at 4°C. MAbs, phycoerythrin (PE)-or fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD8a (53-6.7), PE-or FITC-conjugated rat anti-mouse CD4 (IM7), and FITC-conjugated rat anti-mouse CD44 were purchased from Pharmingen (San Diego, Calif.). Analyses were performed on a FACScan flow cytometer (Becton Dickinson, San Francisco, Calif.). For cell cycle analysis, spleen cells were first surface stained with the appropriate antibody as described above and then fixed for 1 h at 4°C in 2% paraformaldehyde solution. The cells were then washed with PBS, permeabilized at 37°C with 0.2% Tween 20, and stained with 7-amino-actinomycin D (7-AAD; Calbiochem, San Diego, Calif.) at 4°C for 30 min. The data obtained by a FACScan flow cytometer were then analyzed by using the CellFit software (Becton Dickinson) (41) .
Immunohistochemistry. Immunoperoxidase staining of acetone-fixed 6-m liver sections was done as follows. LCMV antigen was detected by polyclonal anti-LCMV guinea pig serum followed by treatment with mouse-adsorbed biotinylated goat anti-guinea pig IgG (Vector Laboratories, Burlingame, Calif.). For detection of CD8 ϩ T cells, rat monoclonal anti-mouse CD8 (clone 53-6.7; Becton Dickinson) and mouse-adsorbed biotinylated rabbit anti-rat IgG (Vector Laboratories) were used. Positive cells were visualized by the addition of avidin-biotinperoxidase complexes (Vectastain ABC kit; Vector Laboratories) and with 3-amino-9-ethylcarbazole (AEC) as a substrate. Sections were then counterstained with hematoxylin.
ELISPOT assay to detect gamma interferon (IFN-␥)-producing cells. IFN-␥ secretion by virus-specific CD8 ϩ T cells was quantitated by enzyme-linked immunospot (ELISPOT) assay (11, 50) . Ester-cellulose bottomed plates (Multiscreen-HA; Millipore Corp., Bedford, Mass.) were coated overnight with the capture antibody, rat anti-mouse IFN-␥ (clone R4-6A2, Pharmingen) at 2 g/ml (100 l/well). The plates were then washed in PBS and blocked for 1 h in RPMI containing 10% fetal bovine serum (FBS; HyClone Laboratories, Inc., Logan, Utah). Threefold dilutions of effector cells in RPMI medium supplemented with 10% fetal calf serum were added to the plates along with 5 ϫ 10 5 irradiated (1,200 rad) feeder cells (spleen cells from uninfected naive mice). Cultures were stimulated for 24 h with LCMV-specific CTL epitope peptides (NP396-404, GP33-41, and GP276-286). After the culture period, cells were removed by washing the plates in PBS-Tween (0.05%), and then biotinylated anti-mouse IFN-␥ (clone XMG1.2, Pharmingen) was added at 4 g/ml, 100 l per well. After overnight incubation at 4°C, unbound antibody was removed, and horseradish peroxidase avidin-D (Vector Laboratories) was added. Spots were developed by using the substrate AEC (Sigma, St. Louis, Mo.) with H 2 O 2 . The number of virus-specific CD8 ϩ T cells per spleen was determined by multiplying the frequency of IFN-␥-secreting CD8 ϩ T cells by the total number of CD8 ϩ T cells in each spleen. The frequency of LCMV-specific IFN-␥ producing CD8 T cells in the spleens of uninfected mice was less than 1 per 5 ϫ 10 5 cells. Anti-CD3 stimulation. Single-cell suspensions of spleens from uninfected mice were cultured in RPMI 1640 medium supplemented with 10% FBS and 5 ϫ 10 Ϫ5 M 2-mercaptoethanol at 8 ϫ 10 5 cells per well in 96-well flat-bottomed plates. Cultures were stimulated for various periods of time with anti-mouse CD3 antibody (145-2C11) at a 1 g/ml concentration. DNA synthesis was measured by pulsing with [ 3 H]thymidine (1 Ci/well) in culture medium for 24 h. At the end of the pulse period, cells were harvested, and the incorporated radioactivity was measured in a Matrix 9600 direct beta counter (Packard, Downers Grove, Ill.).
Analysis of proliferation and apoptosis after restimulation of activated T cells. Primary stimulation of splenic T cells was done by culturing the spleen cells (8 ϫ 10 6 cells per well) for 3 to 4 days in RPMI plus 10% FBS containing anti-mouse CD3 antibody (1 g/ml) in 24-well plates (42) . At the end of primary stimulation, activated T cells were washed twice in the culture medium. Cells were then plated at 5 ϫ 10 5 viable cells/well in 96-well flat-bottomed plates. Cells were restimulated with 1 g of anti-CD3 antibody per ml for 24 h. Cells were pulsed with [ 3 H]thymidine (1 Ci/well) in culture medium at the time of replating. At the end of 24 h, the incorporated radioactivity was measured as mentioned above. After restimulation as described above, cells were harvested and the number of apoptotic cells in the culture was quantitated by flow cytometry after staining with 7-AAD and FITC-conjugated anti-mouse CD8 antibodies (14) . Apoptosis of T cells was also measured by staining with annexin V-FITC (55) .
Analysis of the surface expression of Fas and TNF receptor II (p75; TNFR II) on activated T cells. Spleen cells from perf ϩ/ϩ and perf Ϫ/Ϫ mice were stimulated in vitro with anti-mouse CD3 antibody (1 g/ml) for 48 h in 24-well plates at 8 ϫ 10 5 cells/well. After stimulation for 48 h, cells were harvested and stained with PE-conjugated anti-mouse Fas (Pharmingen) or hamster antimouse TNFR II (kindly provided by Robert Schreiber, Washington University, St. Louis, Mo.) and FITC-conjugated anti-mouse CD4 or anti-mouse CD8 antibodies. To detect TNFR II, a second step staining was performed with PEconjugated goat anti-hamster antibodies (Caltag Laboratories, San Francisco, Calif.).
Administration of Staphylococcus enterotoxin A (SEA). SEA was injected i.v. (10 g/mouse) into ϩ/ϩ and perf Ϫ/Ϫ mice (15) . Spleens were harvested from the SEA-injected mice at 0, 3, and 10 days postinjection. Spleen cells were double stained with FITC-conjugated anti-mouse V␤11 antibodies and either PE-conjugated anti-mouse CD4 or CD8 antibodies. The percentages of V␤11-bearing CD8 ϩ and CD4 ϩ T cells were determined by flow cytometry. Sensitivity of T cells to TNF-␣. The sensitivity of in vivo-activated T cells to TNF was tested as described previously (39) . Spleen cells from LCMV clone 13-infected mice (day 8 postinfection) were cultured in flat-bottomed 96-well plates at 0.8 ϫ 10 6 cells/well. Cells were treated with mouse recombinant TNF-␣ (Genzyme, Cambridge, Mass.) at concentrations of 0, 1, 10, and 100 ng/ml for 24 h. Cultures were pulsed with [
3 H]thymidine (1 Ci/well) for the period of culture. At the end of pulse period, cells were harvested and radioactivity measured as described above.
RESULTS
Enhanced T-cell expansion in vivo in perf ؊/؊ mice during chronic viral infection. Previous studies have shown that perf Ϫ/Ϫ mice are unable to control an LCMV infection (21, 57) . Wild-type (ϩ/ϩ) mice infected (i.p. or i.v.) with the Armstrong strain of LCMV generate a vigorous antiviral CD8 CTL response and clear the virus within 2 weeks. In contrast, perf Ϫ/Ϫ mice develop a systemic infection and harbor high levels of infectious virus and viral antigen in several tissues (57) . This infection is characterized by splenomegaly and lymphadenopathy due to a huge expansion in the number of activated T cells. The most striking increase was in the number of activated CD8 T cells; at 8 days postinfection there were between 50 ϫ 10 6 to 80 ϫ 10 6 CD8 CD44 hi cells/spleen (n ϭ 6) compared to ϳ5 ϫ 10 6 CD8 CD44 hi cells in the spleens of uninfected perf Ϫ/Ϫ mice. The LCMV-infected perf Ϫ/Ϫ mice not only showed an increase in the number of activated CD8 T cells in the spleen and lymph nodes but there were also massive infiltrates of CD8 T cells in the various infected tissues (liver, lung, pancreas, bone marrow, etc.). Figure 1 shows T-cell infiltrates in the liver; note the clusters of CD8 T cells around the foci of LCMV-infected cells. We found that ϳ50% of these chronically infected perf Ϫ/Ϫ mice died between 2 and 4 weeks after infection. To determine if this mortality was due to CD8 T cells, perf Ϫ/Ϫ mice were depleted of CD8 T cells at the time of infection. As shown in Fig. 2 , ϳ50% (9 of 20) of LCMVinfected perf Ϫ/Ϫ mice died between days 10 and 30 postinfection, and this mortality was fully reversed (0 of 11) by in vivo depletion of CD8 T cells. These data also show that CD8-dependent immunopathology can occur by mechanism(s) independent of perforin-mediated cytotoxicity.
The data presented above ( Fig. 1 ) document the massive expansion of CD8 T cells in LCMV-infected perf Ϫ/Ϫ mice. Much less overall expansion was seen in LCMV-infected ϩ/ϩ mice, but this is not a valid comparison since ϩ/ϩ mice control the infection within 8 to 10 days, whereas perf Ϫ/Ϫ mice contain large amounts of viral antigen. Thus, it could be argued that the increased T-cell expansion seen in perf Ϫ/Ϫ mice is the result of a greater antigenic load. To control for this, we next did a series of experiments with a strain of LCMV (LCMV clone 13) that causes a chronic infection in both ϩ/ϩ and perf Ϫ/Ϫ mice (3, (32) (33) (34) . The data in Table 1 show that ϩ/ϩ and perf Ϫ/Ϫ mice infected with LCMV clone 13 contain similar levels of virus in all tissues tested. At this time point viral antigen load in various organs as determined by immunohistochemical staining was also comparable between ϩ/ϩ and perf Ϫ/Ϫ mice (data not shown). Despite this similar antigenic load there was substantially more activation of T cells in the absence of perforin; perf Ϫ/Ϫ mice contained Ն4-fold more total CD8 CD44 hi T cells in the spleen compared to infected ϩ/ϩ mice (Fig. 3A) . A similar trend was observed in the lymph nodes and in the blood (data not shown). Even more striking differences were noted when we quantitated the number of LCMV-specific CD8 T cells in the spleen by using an IFN-␥ ELISPOT assay (Fig. 3B) ; perf Ϫ/Ϫ mice contained ϳ10-fold more LCMV-specific CD8 T cells than ϩ/ϩ mice. Differences were also seen in the total number of activated CD4 T cells present in infected ϩ/ϩ and Ϫ/Ϫ mice. The spleens and lymph nodes of infected perf Ϫ/Ϫ mice contained two-to threefold more CD4 CD44 hi cells than did infected ϩ/ϩ mice. A representative fluorescence-activated cell sorter (FACS) analysis is shown in Fig. 3C . Cell cycle analysis of T cells from clone 13-infected ϩ/ϩ and perf Ϫ/Ϫ mice showed that similar proportions of CD8 and CD4 T cells were in cycle in both groups of mice (Fig. 4) . At 8 days postinfection 23 Ϯ 1.5% of CD8 CD44 hi cells were in cycle (SϩG 2 -M) in ϩ/ϩ mice compared to 21 Ϯ 2% in perf Ϫ/Ϫ mice. Among CD4 T cells, 13 Ϯ 1.5% of CD44 hi T cells were in cycle in ϩ/ϩ mice versus 12 Ϯ 1% in perf Ϫ/Ϫ mice (Fig. 4A) . It is worth noting that even though the total number of activated (CD44 hi ) T cells was substantially greater in perf Ϫ/Ϫ infected mice, the percentage of activated T cells in cycle were similar in ϩ/ϩ and perf Ϫ/Ϫ mice. This result suggests that the increased number of activated T cells in LCMV-infected perf Ϫ/Ϫ mice may be due to decreased death of T cells. In this context it is also of interest that among the activated T cells there was a greater proportion of "large" cells (based on forward scatter) in perf Ϫ/Ϫ mice than in ϩ/ϩ mice (Fig. 4B) . The finding that the percentages of cycling CD8 and CD4 T cells were similar in both groups but that perf Ϫ/Ϫ mice contained more "blasting" T cells appears paradoxical. But this result is consistent with an altered regulation of activated T cells in chronically infected perf Ϫ/Ϫ mice. It is possible that the larger cells comprise end-stage effector cells that are prone to apoptosis and that this end-stage effector population survives longer in perf Ϫ/Ϫ mice.
In summary, the results presented in Table 1 and Fig. 3 and 4 show that even under conditions of a similar viral load, there were substantially greater numbers of activated T cells in perf Ϫ/Ϫ mice than in ϩ/ϩ mice. The enhanced expansion was seen in both CD4 and CD8 T cells, and the most striking difference (Ն10-fold) was seen in the numbers of antigen (LCMV)-specific CD8 T cells present in infected perf Ϫ/Ϫ mice compared to infected ϩ/ϩ mice. It should be noted that LCMV clone 13 (high-dose) infection of ϩ/ϩ mice results in "exhaustion" of antigen-specific CD8 T cells (3, 34, 36) , and our results show that this peripheral "deletion" of activated CD8 T cells occurs less efficiently in perf Ϫ/Ϫ mice.
Differential response of T cells from ؉/؉ and perf ؊/؊ mice to continuous TcR stimulation in vitro.
Continuous stimulation of T cells through the TcR by antigen can lead to apoptosis of activated T cells (42, 59) . The increased T-cell expansion seen in vivo in perf Ϫ/Ϫ mice during chronic LCMV infection (Fig. 3) suggested that T cells from perf Ϫ/Ϫ mice may be less sensitive to activation-induced cell death (AICD). However, enhanced proliferation of T cells can also result in increased T cell numbers. To further address this question, we examined in vitro the effect of stimulation with antibody to CD3 on the proliferation and apoptosis of T cells from perf Ϫ/Ϫ mice. In these experiments spleen cells from normal (uninfected) ϩ/ϩ or perf Ϫ/Ϫ mice were cultured with anti-CD3 antibody, and their proliferation was checked at various times after stimulation. A slight but consistent difference was observed between the proliferative response of T cells from perf Ϫ/Ϫ and ϩ/ϩ mice at 48 h poststimulation (35,000 cpm for perf Ϫ/Ϫ T cells versus 25,000 cpm for perf ϩ/ϩ T cells). Much more impressive differences were seen upon restimulation of these activated T cells with anti-CD3 antibody. In these experiments spleen cells that had undergone a primary round of anti-CD3 stimulation for 72 to 96 h were then restimulated with anti-CD3 (after adjusting for total number of viable cells). As shown in Fig. 5A , activated T cells from perf Ϫ/Ϫ mice were still responsive to anti-CD3 stimulation, but T cells from ϩ/ϩ mice exhibited a very poor proliferative response upon anti-CD3 restimulation. Also there was a higher percentage of apoptotic CD8 T cells in cultures from perf ϩ/ϩ mice than in perf Ϫ/Ϫ mice (85 versus 45%) (Fig. 5B) . The results presented in Fig. 5 show that, as with the enhanced T-cell expansion seen in vivo in chronically infected perf Ϫ/Ϫ mice, T cells from Ϫ/Ϫ mice respond better to continuous TcR stimulation in vitro.
Fas and TNF-receptor expression and function in perf ؊/؊ mice. It has been shown that signalling via Fas and TNFR II is involved in the AICD of activated T cells (61) . Hence, it is possible that reduced AICD in perf Ϫ/Ϫ T cells may be due to defects in Fas-and TNF-induced apoptosis. To address this issue, we first determined if the lack of perforin affects the expression of Fas and TNFR II on activated T cells. T cells were cultured in the presence of anti-CD3, and the levels of 
VOL. 73, 1999 IMMUNE REGULATION BY PERFORIN
Fas and TNFR expression were examined by FACS analysis. As shown in Fig. 6 , both CD8 and CD4 T cells from ϩ/ϩ and perf Ϫ/Ϫ mice expressed elevated levels of Fas and TNFR II on their surface upon activation with anti-CD3. Note that the levels of expression of both Fas and TNFR II on activated T cells were comparable for both perf ϩ/ϩ and perf Ϫ/Ϫ mice. Thus, perforin deficiency does not affect the surface expression of either Fas or TNFR II. We then asked if perf Ϫ/Ϫ T cells were sensitive to TNFand Fas-mediated apoptosis. Sensitivity to TNF was measured according to a method described by Orange et al. (39) with slight modifications. Similar inhibitory effects of TNF were observed on both ϩ/ϩ and perf Ϫ/Ϫ T cells (45 versus 41% inhibition of [ 3 H]thymidine incorporation), suggesting that perf Ϫ/Ϫ T cells were sensitive to TNF-mediated effects. To determine the sensitivity to Fas-mediated apoptosis, we analyzed the in vivo deletion of V␤11 ϩ T cells after injection with the superantigen SEA. It is well established that deletion of superantigen-reactive T cells in vivo after superantigen injection is mediated via Fas-FasL interaction (1, 2, 48) . The administration of SEA into C57BL/6 mice leads to an initial expansion followed by deletion of V␤11 ϩ T cells in the peripheral lymphoid organs (35) , whereas Fas-deficient mice exhibit a defect in the deletion of superantigen-reactive T cells in the periphery (2) . In our experiments, minimal to no differences were observed in the kinetics of expansion and deletion of V␤11 ϩ T cells in perf ϩ/ϩ and perf Ϫ/Ϫ mice after SEA injection (Fig. 7) . These data show that immune regulation via Fas-FasL interaction was intact in perf Ϫ/Ϫ mice.
Absence of perforin accelerates lymphoproliferative disease in Fas-deficient (lpr) mice. Defects in the Fas pathway result in lymphoproliferative disorders and autoimmune diseases (37) . This is best illustrated by mouse strains carrying a mutation in Fas (lpr) or FasL (gld) (30, 58) . MRL lpr/lpr and MRL gld/gld mice spontaneously develop lymphadenopathy and splenomegaly (due to accumulation of T cells), produce large quantities of autoantibodies, and develop nephritis and arthritis. B6.MRL lpr/lpr mice develop lymphoadenopathy around 6 months of age and start dying between the ages of 6 months and 1 year (10) . A dramatic acceleration of the lymphoproliferative disease and mortality was seen in mice that were deficient in both Fas and perforin (lpr/perf Ϫ/Ϫ) (see Fig. 8 ). These mice were made by breeding perf Ϫ/Ϫ mice with B6.MRL lpr/lpr mice. The double-deficient (lpr/perf Ϫ/Ϫ) mice were normal at birth but started developing lymphadenopathy as early as 6 to 8 weeks of age and were all dead by 4 months. Death was preceded by wasting, massive lymphadenopathy, and the presence of mononuclear cell infiltrates in several tissues. In the data shown in Fig. 8 , eight double-deficient mice were monitored for survival, and all of these mice died between days 73 and 120 after birth. In striking contrast to the rapid lymphoproliferative disease seen in the double-deficient mice, Fas-deficient mice with normal perforin function (lpr/ perf ϩ/ϩ) showed ϳ90% survival at Ͼ200 days; of the nine mice studied in this experiment, only one died at day 160 and the remaining eight were still alive at day 210 (Fig. 8) . Of particular interest was the gene dosage effect seen in littermates that were homozygous for the Fas defect but that contained a single copy of the perforin gene (lpr/perf ϩ/Ϫ). As shown in Fig. 8 , these mice had an intermediate disease phenotype; of the 14 lpr/perf ϩ/Ϫ mice monitored for survival, 8 died between days 103 and 188 and the remaining 6 were still alive at day 210. The perforin-deficient mice with normal Fas function (perf Ϫ/Ϫ) do not exhibit any lymphoproliferative disease or early death. It should be noted that all mice used in these experiments were housed under specific SPF conditions and were negative (by serology) for any of the common mouse pathogens.
DISCUSSION
Perforin-mediated killing is known to be an important effector mechanism (6, 20, 22) . In this study we show that perforin also plays a role in immune regulation. The first clue that perforin might be involved in regulating T-cell responses came from the observation that some of the perf Ϫ/Ϫ mice died after LCMV infection. This was an unexpected result since death is rarely seen following an i.p. injection with LCMV. LCMV infection of adult mice by a peripheral route (i.p. or i.v.) usually has two outcomes; either the mice clear the infection or they develop a protracted chronic infection, depending upon the dose and the strain of LCMV used. LCMV is a noncytolytic virus, and any immunopathology and disease seen in this model is usually mediated by T cells (4) . Adult ϩ/ϩ mice chronically infected with LCMV after high-dose challenge with variants such as LCMV clone 13 or LCMV "Docile" exhibit a certain degree of immunopathologic damage, but mortality is rarely seen because many of the activated CD8 T cells are deleted due to chronic antigenic stimulation (3, 34, 36) . This overall reduction in the numbers of LCMV-specific CD8 T cells limits the extent of immune-mediated damage. Our finding that some of the chronically infected perf Ϫ/Ϫ mice were dying suggested that there might be an accumulation of activated T cells in these mice. Indeed, we found that LCMVinfected perf Ϫ/Ϫ mice contained large numbers of activated CD8 T cells in the lymphoid organs, as well as in many other tissues ( Fig. 1) and that in vivo depletion of CD8 T cells completely reversed the mortality (Fig. 2) . Enhanced T-cell expansion in perf Ϫ/Ϫ mice compared to ϩ/ϩ mice was also seen following chronic infection with LCMV clone 13 (Fig. 3) . In these experiments, ϩ/ϩ and perf Ϫ/Ϫ mice contained a similar viral load (Table 1) but there was more activation of both CD8 and CD4 T cells in Ϫ/Ϫ mice. The most striking difference was seen in the number of LCMV-specific CD8 T cells; chronically infected perf Ϫ/Ϫ mice contained ϳ10-fold more antigen-specific CD8 T cells than did chronically infected ϩ/ϩ mice (Fig. 3) . Why were there greater number of antigenspecific CD8 T cells in perf Ϫ/Ϫ mice? Was this due to increased proliferation or decreased death of activated CD8 T cells? Our data (Fig. 4) showing that similar proportions of T cells were in cycle in both ϩ/ϩ and perf Ϫ/Ϫ mice suggests that the increased numbers of activated T cells in chronically infected perf Ϫ/Ϫ mice may be due to decreased apoptosis of activated T cells. "Exhaustion" of LCMV-specific CD8 T cells has been shown to occur in chronically infected mice (36) . Our study now shows that this peripheral "deletion" of activated CD8 T cells occurs less efficiently in perf Ϫ/Ϫ mice.
The second line of evidence that T cells from perf Ϫ/Ϫ mice respond differently than T cells from ϩ/ϩ mice to a continuous antigenic stimulus came from in vitro experiments with anti-CD3 (Fig. 5) . Preactivated T cells from perf Ϫ/Ϫ mice showed higher proliferative responses upon restimulation compared to ϩ/ϩ mice (Fig. 5) . This is consistent with an earlier report showing that in an in vitro allogeneic response, perforin-deficient effector T cells exhibited higher proliferation compared to perforin-intact T cells (45) . Stimulation of naive T cells through the TcR induces a series of activation events that result in cell proliferation, cytokine production, and differentiation into killer cells. In contrast, chronic stimulation of activated T cells through the TcR-CD3 complex results in apoptosis, a phenomenon termed AICD (12, 44, 48, 61) . This process is critical in clonal downsizing of the T-cell response, and several studies have shown that Fas-mediated (1, 51, 58) and TNF-mediated (61) apoptosis is involved in AICD. It Fas-deficient mice (lpr/perf ϩ/ϩ) (n ϭ 9), perforindeficient mice (perf Ϫ/Ϫ) (n ϭ 10), Fas-deficient mice heterozygous for the perforin gene (lpr/perf ϩ/Ϫ) (n ϭ 14), and Fas-deficient mice homozygous for perforin deficiency (lpr/perf Ϫ/Ϫ) (n ϭ 8) were monitored for lymphoproliferative disease and mortality. The double-deficient (Fas and perforin) mice were normal at birth but rapidly developed lymphadenopathy and died within 4 months. Note the gene dose effect of perforin on the lymphoproliferative disease; Fas-deficient mice heterozygous for perforin showed an intermediate disease phenotype.
should be pointed out that T cells from perf Ϫ/Ϫ mice upregulated the surface expression of Fas and TNFR II upon activation and were sensitive to Fas-and TNF-mediated apoptosis ( Fig. 6 and 7) . Thus, the enhanced T-cell numbers following chronic LCMV infection in perf Ϫ/Ϫ mice are not due to an intrinsic resistance by perf Ϫ/Ϫ T cells to Fas-or TNF-mediated apoptosis.
Our third line of evidence that perforin plays a role in regulating T-cell responses comes from the dramatic acceleration of the lymphoproliferative disease that we observed in mice deficient in both Fas and perforin (Fig. 8) . Fas-deficient (lpr) mice spontaneously develop lymphoadenopathy and splenomegaly. The lymphocytes that accumulate in lpr mice are Thy-1 ϩ TcR ϩ CD4 Ϫ CD8 Ϫ and are derived from mature CD4 ϩ and CD8 ϩ T cells (24, 31) . It is believed that in ϩ/ϩ mice, Fas-mediated apoptosis maintains homeostasis and eliminates such T cells but that in the absence of Fas these "chronically" activated T cells accumulate in the lymph nodes and spleens of lpr mice. In B6 lpr mice, lymphoadenopathy and splenomegaly start developing around 6 months of age. However, when these lpr mice were also made deficient for perforin (by breeding perf Ϫ/Ϫ mice with lpr mice) there was a striking acceleration of the lymphoproliferative disease (Fig. 8) . These results show that perforin exerts an additional regulatory control on activated T cells. In addition, these experiments revealed a gene dosage effect of perforin; lpr mice that were heterozygous for perforin showed an intermediate disease phenotype. Recently, another report has also shown that mice deficient in both Fas and perforin exhibit accelerated lymphoproliferative disease and autoimmunity compared to perforinintact lpr mice (40) .
How does perforin regulate T-cell responses? There are several possible mechanisms that could account for the results presented in this study. One possibility is that perforin somehow damages the CTL themselves. In this model, the secreted perforin could act in cis (suicide) or in trans (fratricide). There has been considerable debate regarding how CTL escape from self-annihilation during the process of killing their targets (5, 8, 17, 38, 47, 54, 56) . It is now well established that T-cell-mediated lysis is primarily vectorial (unidirectional), and there is also some evidence that CTL lines can be partially refractive to killing (6). However, it is possible that at some stage (for example, after a certain number of divisions or a certain period of time) the CTL may become sensitive to the secreted perforin or to the intracellular perforin (nuclear membrane damage?). In this context it is worth noting that the regulatory effects of perforin are seen under conditions of chronic TcR stimulation. Such a mechanism would put an upper limit on the number of times a T cell could divide and for how long it remains an effector in vivo. This could serve as a possible mechanism for controlling the "killers." The increased numbers of activated CD8 T cells in perf Ϫ/Ϫ mice chronically infected with LCMV is consistent with a direct effect of perforin on the activated CD8 T cells. The increased activation of CD4 T cells in these mice is more difficult to explain with this model. However, it should be noted that CD4 T cells can also express perforin (23, 60 ). An alternative mechanism to explain the enhanced T-cell expansion in vivo in perf Ϫ/Ϫ mice is that in perforin-deficient mice antigen-presenting cells (APC) are not killed and thus there are more APC in these mice for sustaining the response (45) . Activated T cells can be rescued from AICD by appropriate costimulatory signals delivered by APC (7, 52) . In perf Ϫ/Ϫ mice the "quality" of such signals may be better than in ϩ/ϩ mice, where some of the APC are damaged by perforin-mediated killing. Such a mechanism could also account for the enhanced CD8 and CD4 T-cell responses seen in perforin-deficient mice. It should be noted that the mechanisms that we have proposed are not mutually exclusive and that some combination of these could be involved in immune regulation by perforin.
In conclusion, our results show that absence of perforin has a profound impact on T-cell regulation in vivo during a chronic viral infection or during autoimmunity. The finding that perforin plays a role in downregulating T-cell responses in vivo has implications towards developing strategies for adoptive T-cell therapy in the treatment of chronic infections and malignancies (43) . A major limitation of these immunotherapy treatments is the poor survival of the adoptively transferred T cells in vivo. Our results suggest that, in instances where control of the viral infection or eradication of the tumor is mediated primarily by cytokine effects and not by direct killing, it might be better to use perforin-negative T cells for the adoptive immunotherapy.
